This paper aims to perform microscopic investigations on the air-void characteristics of wet-mix shotcrete before and after the spraying process. Both air-void analysis (AVA) and image analysis (IA) were used to monitor the air-void characteristics of both fresh and hardened mixtures such as air content, spacing factor, and air-void specific surface area. To gain a comprehensive understanding on the air-void characteristics, a total of 28 mixtures were fabricated with different aggregate gradations, slumps, air entrainments, and the types and replacement levels of supplementary cementitious materials (i.e., fly ash, silica fume, metakaolin, and ground-granulated blast furnace slag (GGBFS)). The results have shown that: (1) both pumping and shooting significantly altered the air-void characteristics; (2) the pumping process increased the air content and air-void specific surface area while decreasing the spacing factor; and (3) a decrease in air content and an increase in air-void specific surface area were observed after shooting. In addition, the findings of this study revealed that the air-void characteristics of wet-mix shotcrete were more closely associated with the pumping and shooting operations rather than the mixture characteristics such as aggregate gradation, slump, air entrainment, and mineral admixtures addition.
Introduction
Wet-mix shotcrete is a pneumatically sprayed concrete projected onto overhead and/or vertical surfaces [1] . In this method, pre-mixed concrete is delivered through a was very successfully implemented to build the winter sliding sport tracks for Pyeongchang 2018 Olympic Winter Games, with which the construction period was able to be reduced by about 60% while providing outstanding performance and constructability [5] . The shotcrete process is known to appreciably change the air-void characteristics of wet-mix shotcrete mixtures such as air content, spacing factor, and air-void specific surface area, which is attributed to the pressure exerted during pumping and the compaction caused by mixture's self-momentum when sticking to the surface [6] . For this reason, it is utmost important to recognize the changes in air-void structure at each operation stage because the air-void character is one of the critical factors associated with the premature to long-term concrete durability features such as freeze-thaw resistance, chloride penetration resistance, and carbonation resistance. Especially, freeze-thaw deterioration typically occurs when there are insufficient number of "closely-spaced" air voids in the matrix where the elevated internal hydrostatic pressure driven by the expansion frozen water can be relieved [7] [8] [9] [10] .
Several former studies reported the air-void characteristics of shotcrete mixtures. Zhang [11] and Boulet [12] found that the shotcrete process results in a remarkable loss of initial air content, which may compromise the freeze-thaw durability of wet-mix shotcrete. Yun et al. [6] confirmed that non-air-entrained mixtures exhibited more air losses than air-entrained ones after shooting, and most of the air losses occurred for medium to large air voids in the diameter range of 100-1000 m. Some other studies [13, 14] have shown that proper entrainment of 1-1.5% extra air in as-batched mixtures using air-entraining agent (AEA) or high-range water-reducer (HRWR) can provide a reasonable margin for the possible air content losses upon placement. Beaupre [15] concluded that ensuring a higher initial content can be an effective measure to increase the adhesion of shotcrete and to keep an adequate air content even after the material compaction. The literature also reported that a substantial amount of air bubbles in wet-mix shotcrete was naturally lost during the shotcrete application.
Despite such significance, there have been very limited follow-up studies that attempted to characterize the air-void structures of as-batched and as-shot mixtures in a microscopic scale. Accordingly, this study devoted to investigating the air-void characteristics of wet-mix shotcrete before and after the shotcrete processes based on the microscopic approaches such as air-void analysis (AVA) and image analysis (IA). A total of 28 wet-mix shotcrete mixtures with different aggregate gradations, slumps, air entrainments, and mineral admixtures were tested to reach more generalizable results.
Experimental

Materials
A Type I portland cement conforming to KS L 5201 (Portland Cement) was used. Table 1 and Table 2 . The specific gravity was 2.25, which was greater than the lower limit of 1.95 specified in the Korean Standards (KS).
The silica fume used in this study had a moisture content of 1.15%, a loss on ignition (LOI) of 2.72%, a 0-45 m particle size portion of >98%, and a specific gravity of 3.0-3.5, and a specific surface area of 200,470 cm 2 /g was used. Ground-granulated blast furnace slag (GGBFS) with a specific gravity of 2.9, a specific surface area of 4306 cm 2 /g, and a 28-day activity index of 103 was used. The chemical composition the GGBFS was as follows: 5.61% MgO, 1.0% SO 3 , 0.007% chloride ion, and 0.43% LOI.
This study used a polycarboxylate-based superplasticizer with a specific gravity of 1.05 ± 0.03 (at 20 • C) and a pH value of 5.0 ± 2.0 as a chemical admixture to control the slump and pumpability of fresh mixtures. The air-entraining agent (AEA) adopted in this study had a specific gravity of 1.03 ± 0.03 (at 20 • C) and a pH value of 7.0 ± 2.0.
Crushed rock with a maximum size of 10 mm and crushed sand with an absorption capacity of 2.1% were used as coarse aggregate and fine aggregate, respectively. The aggregate gradation was based on the criteria specified in both "Standard Specifications for Road Construction" and "Guidelines for Quality Improvement of Shotcrete Tunnel Lining" of Korea. Five combined gradations were investigated in this study, which were artificially fabricated by dividing the upper and lower gradation limits into five equal parts as indicated in Fig. 1 ; out of the five gradations, AG3 that bisects the upper and lower limits was the control gradation. The fineness modulus (FM) and specific gravity for the given combined gradations calculated based on Eq. (1) are also presented in Fig. 1 .
where G s is the specific gravity of the combined gradation; P n is the percentage of each aggregate fraction with respect to the total aggregate weight; and G n is the specific gravity of each aggregate fraction. Table 3 presents the mixture proportions used in this study, which were on the basis of "Guidelines for Quality Improvement of Shotcrete Tunnel Lining". All 28 mixtures had a consistent water-to-cementitious ratio (w/cm) of 0.43 considering predetermined levels of pumpability, shootability, slump, and air content. There were five major experimental variables considered: (1) the effect of gradation (AG1-AG5); (2) the effect of gradation resulting in a fixed slump of 100 ± 20 mm (AG1-mod, AG2-mod, AG3, AG4-mod, and AG5-mod); (3) the effect of AEA dosage (AG3.AE00, AG3.AE01, AG3.AE02, AG3.AE03, and AG3.AE04); (4) the effect of gradation with inclusion of a fixed dosage of AEA (AG1.AE04, AG3.AE04, and AG5.AE04); and (5) the effect of supplementary cementitious materials (i.e., fly ash, silica fume, metakaolin, and GGBFS) with a fixed gradation and a slump of 100 ± 20 mm.
Mixture proportions
Methods
Equipment
Fig . 2 shows the equipment used for mixing, pumping, and shooting of wet-mix shotcrete mixtures. The equipment was designed to produce wet-mix shotcrete batches at a rate of 3.8 m 3 /h using a built-in mixer with a 280-l capacity. Dual power pistons were employed to generate a maximum pump pressure of 122 bar. The premixed mixture was then transported through a 762-mm long hose with a diameter of 51 mm. A 390 CFM engine air compressor was used to produce air pressure of 6.2-6.5 bars at the nozzle tip.
Air-void characterization for fresh wet-mix shotcrete
An air-void analyzer (AVA-3000; Germann Instruments) was used to characterize the air-void characteristics of fresh wetmix shotcrete before and immediately after pumping. The principle behind the AVA technology is that the air bubbles in fresh mortar escape into an AVA release liquid upon stirring of the mortar. Given the AVA release liquid has the adequate viscosity and hydrophilic character, the bubbles released from the fresh mortar maintain their original sizes without pulverizing into finer bubbles. The air bubbles rising through the water column right above the AVA release liquid are captured using an inverted buoyancy pan connected to a balance. Then, the size distribution of the collected air bubbles is calculated based on the apparent mass changes of the pan over time. Using the size distribution information, the spacing factor, specific surface area, and air content can be assessed. shows the detailed procedures for air-void structure characterizations via AVA.
Air-void characterization for hardened wet-mix shotcrete
A computerized image analyzer was used to examine the airvoid characteristics of hardened wet-mix shotcrete mixtures. Fig. 4 illustrates the apparatus used in the image analysis (IA), which is capable of quantifying the air content, spacing factor, and air-void specific surface area of a disk-shape sample. This automated apparatus is operated based on the linear transverse method specified in ASTM C457 (Standard test method for microscopical determination of parameters of the air-void system in hardened concrete) [16] , by which measurement errors can be minimized with improved recognition accuracy. Except for surface polishing, there was no need for sample treatment using special chemical compounds and fillers, providing quick and convenient procedures for the analysis. The surface polishing was done using SiC powders (#60, #100, #200, #320, #420, and #600). After completing the polishing with the #600 SiC powder, the surface was cleaned up using pressurized water to remove the residue in the surface voids.
Compressive strength measurements
Tw o different schemes were used to prepare the specimens for compression tests. To produce as-batched specimens, the method described in KS F 2403 (Standard test method for making and curing concrete specimens) [17] , while KS F 2784 (Sampling method for specimens of steel fiber reinforced shotcrete by test panels) [18] was used to produce as-shot specimens; the KS F 2784 method uses a receiving panel with dimensions of 500 × 500 × 250 mm, into which the mixture is shot. The receiving panel was inclined about 70 • from the ground to minimize the rebound during the shooting process. Once the specified age is reached, cores were taken from the panel specimen for compressive strength measurements. Compressive strength was measured as per KS F 2405 (Standard test method for compressive strength of concrete) [19] using Ø100 × 200 mm cylindrical specimens. The measurements were carried out at 7 and 28 days for as-batched specimens and at 28 days for as-shot specimens.
4.
Results and discussion Table 4 summarizes the test results for the as-batched and asshot air contents measured by two different methods. As can be seen in the results, the as-batched air contents were measured for both before and after pumping. Because both AVA and IA can identify entrained air voids smaller than 0.35 mm in diameter, the entrained air contents were identified separately as seen in the table. In addition, the air contents in fresh mixtures before and after pumping were measured based on the pressure method for comparison. Fig. 5 compares the as-batched air contents in wet-mix shotcrete mixtures measured by the pressure method, AVA, and IA; owing to the number of variables, not all mixtures were tested and compared. For the mixtures whose slump was adjusted to 100 ± 20 mm by adding a superplasticizer, the air contents measured via the pressure method all tended to fall between 5 and 10%. On the contrary, the mixtures incorporating five different levels of AEA (with no superplasticizer) were found to range from 9 to 20% based on the pressure method, which tended to increase as the AEA dosage increased.
Air content
Overall, the air contents measured by the pressure method were consistently above those measured by the AVA and IA. Moreover, the air contents measured by the AVA were generally greater than those measured by the IA. This is because the AVA involves a vibration process during the sample collection, losing part of the air. In addition, while the pressure method and AVA were tested on fresh samples, the IA was conducted on 28-day hardened samples whose microstructure was significantly closed due to the continued hydration of cement [6] . Also noted is that some of the IA results were greater than the AVA results due to the inherent difference in measuring principles and schemes; even though the IA can monitor the air-void diameter of up to 6.0 mm, the AVA technique only allows the air content measurements of up to 10% and the air-void diameter of up to 2.0 mm, which can lead to measurement errors particularly when a mixture has an air content of over 10% and air voids with a diameter of greater than 2.0 mm. The assumption of spherical geometry for air voids in the IA might cause non-negligible errors in the air content estimations. 6 denotes how the pumping and shooting operations affect the air content in hardened wet-mix shotcrete investigated by the IA. First, it is observed that the air contents after pumping were overall greater than those before pumping. This is attributed to the dissolution of highly pressurized air in the mixture during the pumping process. In addition,
15
IA (before pumping) IA (after pumping) IA (after shooting) there were substantial air content losses in the as-shot mixtures. This is due to the fact that the strong impact generated during the shooting process drives out part of air from the mixture, thereby reducing the air content [11] . The as-shot air content measured in this study was found to be between 1 and 4%, which was in good agreement with the result of a former --AG4  175  360  ---AG3  356  351  264  244  517  AG2  359  389  ---AG1  479  319  ---AG5-mod  -----AG4-mod 233 Table 5 shows the summary of spacing factor measurements in wet-mix shotcrete evaluated via the AVA and IA. Note that there were considerable differences between the spacing factors assessed by the AVA and IA. This is because, as aforementioned, the IA was performed at the age of 28 days at which the majority of cement particles were almost hydrated, forming dense and closed microstructures, whereas the AVA was done during the fresh stage when most of the air voids were still open and interconnected [20] . Also, it was found that there were remarkable differences in spacing factor between the before-and after-pumping mixtures. As described above, it appears that part of the pressurized air provided during the pumping process was dissolved in the mixture, which increased the air content, and in turn, reduced the spatial distribution of the air voids. Power's spacing factor [21] is a typical indicator associated with the freeze-thaw resistance of concrete. The Kansas Department of Transportation [22] specified a maximum spacing factor of 0.25 mm, while Mindess and Young [23] recommended the spacing factor to be less than 0.20 mm. However, the as-shot spacing factors evaluated in this study were found to fall between 0.240 and 0.517 mm, most of which failed to meet the given spacing factor criteria. The only mixture that satisfied the criteria was achieved by incorporating an AEA (AG3.AE04). In order to compensate the air content loss and corresponding spacing factor increase after shooting, mixtures need to be designed to have more as-batched air content by using additives such as AEA and superabsorbent polymer [24] [25] [26] .
Spacing factor
Air-void specific surface area
The results of air-void specific surface area measurements for the air voids in wet-mix shotcrete are listed in Table 6 . Both the AVA and IA were used to measure the specific surface area for the air voids in as-batched mixtures, while only the IA was used for as-shot mixtures. It was identified that the specific surface area significantly varied after the pumping and shooting processes. Except for the air-entrained mixture (AG3.AE04), the specific surface area of all the main mixtures (i.e., AG3, AG3.FA20, AG3.SF10, AG3.MK10, and AG3.GGBFS40) tended to substantially increase upon shooting. This is because the medium to large air voids were eliminated from the mixture, whereas the amount of small entrained air voids relatively increased after shooting [6] . The specific surface area of the asshot mixtures was found to range from 15.78 to 25.43 mm −1 , of which only two mixtures (AG3.AE04 and AG3.FA20) were found to surpass the minimum threshold value of 25 mm −1 proposed by Young and Mindess [23] . 
Predictions of freeze-thaw resistance
Several earlier studies proposed criteria to evaluate the freeze-thaw resistance of concrete based on the air-void characteristics such as air content, spacing factor, and specific surface area. The Kansas Department of Transportation [17] described that improved freeze-thaw resistance can be achieved when the air content of <5% and spacing factor of <0.25 mm. In another study [18] , it was found that the spacing factor and specific surface area should be less than 0.20 mm and 25.0 mm −1 , respectively, to ensure proper freeze-thaw resistance. Fig. 7 presents the results of freeze-thaw resistance predictions based on the criteria proposed by The Kansas Department of Transportation [22] . The investigation was performed for both as-batched and as-shot mixtures on the basis of the IA results. The light green area in the top left corner indicates the acceptable zone determined based on the Kansas specification. The result revealed that only one asbatched mixture (AG3.AE04) out of the 12 mixtures fell within the acceptable zone, providing potential freeze-thaw resistance. No other mixtures satisfied the air content and spacing factor-based criteria. The same result was obtained for the freeze-thaw predictions based on [18] , as can be seen in Fig. 8 . Only one as-batched mixture (AG3.AE04) was considered to be acceptable with the specific surface area of 28.19 mm −1 and spacing factor of 0.089 mm. No single mixture other than
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Before pumping After shooting 12 Spacing factor (µm) Air content (%) 300 600 500 400 100 Fig. 7 -Prediction of freeze-thaw resistance based on [22] .
AG3.AE04 met the proposed air-void characteristics to resist frost actions.
As wet-mix shotcrete is impelled through a closed-hose system and then is spayed using highly pressurized air added at the nozzle tip, the process necessarily involves significant changes in air-void characteristics such as air content, spacing factor, and air-void specific surface area. For instance, it is well known that the air content in wet-mix shotcrete mixtures can be reduced to 1 to 4% after shooting, even for mixtures whose initial air content is as high as >10% [6, 11] . This is the inherent issue that the wet-mix shotcrete process faces, which may frequently arise the situations in which the existing criteria on "concrete" cannot be directly applied. Based on the findings, a more systemic and reasonable approach needs to be taken to derive new freeze-thaw criteria for wet-mix shotcrete considering the inherent nature of the shotcrete process.
Compressive strength
The result of compressive strength measurements for both before-pumping and as-shot mixtures is given in Table 7 exceeding the compressive strength criteria for high-strength wet-mix shotcrete (i.e., 38 MPa). When an AEA was added, the 28-day compressive strengths before pumping were found to be about 15 MPa, which were only about one-third to onefourth of the non-air-entrained mixtures' strength. This is related to the much greater air content of the air-entrained mixtures than non-air entrained ones, as already shown in Table 2 . However, the as-shot compressive strength of the airentrained mixtures was comparable to that of the non-air entrained ones as they lose a significant amount of air content after shooting, indicating that there should be no adverse impact of AEA additions on actual implementation. Fig. 9 compares the compressive strength of the six main mixtures measured for before pumping and after shooting. As expected, it was clear that the compressive strength tended to increase with age. It is also interesting to note that the as-shot compressive strength became slightly lower than the before-pumping mixtures, except for the air-entrained mixture (AG3.AE04).
Conclusions and recommendations
This study was intended to investigate the influences of pumping and shooting processes on the air-void characteristics of wet-mix shotcrete mixtures using air-void analysis (AVA) and computerized image analysis (IA) techniques. The following conclusions can be drawn based on the findings of this study:
• The pumping and shooting processes substantially affected the air-void characteristics such as air content, spacing factor, and air-void specific surface area of wet-mix shotcrete.
• Pumping increased the air content and air-void specific surface area in wet-mix shotcrete due to the dissolution of high-pressurized air in the mixture, while the spacing factor was rather reduced as the pumping led to the closer spatial distribution of air voids.
• The air content was dropped by 21-75% during the shooting process as the high pressure generated during shooting made part of air extricated from the mixture. Moreover, a considerable increase in air-void specific surface area (by up to 120%) was observed after shooting as the medium to large air voids were broken into finder air voids.
• Only a few as-shot mixtures were found to fall within the spacing factor and specific surface area criteria given in former studies, indicating that it is quite hard for wet-mix shotcrete to meet the freeze-thaw criteria for conventional cast-in-place concrete. This fact indicates that more reasonable criteria needs to be proposed considering the intrinsic nature of the shotcrete processes.
• All the as-shot mixtures exceeded the 28-day compressive strength criteria for high-strength wet-mix shotcrete of 38 MPa.
• The results of this study imply that the air-void characteristics of wet-mix shotcrete are far more sensitive to the shotcrete operations such as pumping and shooting, rather than the material characteristics such as aggregate gradation, slump adjustment, air entrainment, and mineral admixtures addition.
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